Selected inotropic drugs were studied in an isolated right ventricle preparation in which the work load and heart rate could be controlled. Records of ventricular pressure and volume were made. Rute of ventricular relaxation was estimated, and mechanical impedance to inflow was calculated as the ratio of intraventricular pressure to inflow. The negatively inotropic drugs slowed relaxation and increased impedance. Strophanthin-K reversed these effects. Adrenalin decreased impedance. It is concluded that, during the filling period, inotropic drugs alter those physical properties of the ventricle wall which contribute to mechanical impedance.
S
INCE most of the information on the behavior of inotropic drugs concerns the modifications of systolic response leading to changes in the strength of contraction, volume output, and stroke work, this study was undertaken to determine the effects during diastole.
A technic for investigating the mechanical properties of a single ventricle under controlled work loads and heart rates has been developed. 1 The ratio of intraventricular pressure to inflow, termed the mechanical impedance of the ventricle wall, describes the mechanical behavior of the ventricle in filling. The isolated right ventricle was found to have a fixed pattern of filling, characterized by the contour of its pressure and volume curves (which are determined by filling pressure, heart rate, and pulmonary artery pressure) and by a constant mechanical impedance during most of the filling period. Controlled increases in filling pressure, heart rate, and mean pulmonary pressure were accompanied by changes in mechanical impedance and in A'entricular relaxation. This was considered to be evidence that hemodynamic factors affect mechanical properties of the ventricle during diastole. The investigation was extended to include effects of inotropic drugs on the ventricle wall under constant load and heart rate. Inotropic drugs were chosen for which some biochemical mechanisms of action were suggested in the literature.
METHODS
The isolated right ventricle preparation was made as previously described 1 (figure 1 of that report is a diagram of the completed preparation). The right ventricle fills directly from a venous reservoir through a cannula tied into the atrium close to the atrio-ventricular ring, and empties through a cannula in the pulmonary artery. The coronary system is supplied at constant mean pressure by back-perfusion through the aorta with oxygenated blood from a donor heart-lung preparation. Blood reaching the left ventricle by coronary drainage or aortic valve leakage is removed by a siphon tube. The work of the right ventricle is determined by the variable hydrostatic head of blood and the variable pulmonary artery resistance. The left ventricle performs no external work.
In these experiments, filling pressure, mean pulmonary artery pressure, and heart rate were controlled. Simultaneous records of right ventricular pressure and volume, pulmonary artery pressure and outflow were made on a Hathaway oscillograph by methods previously described. 1 The period of ventricular filling was timed from the intraventricular pressure record. Filling begins when the falling intraventricular pressure becomes slightly less than the hydrostatic head and allows the atrioventricular valve to open; it ends when the rising pressure at the end of filling becomes slightly
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INOTROPIC DRUGS ON VENTRICULAR FILLING
Fia. 1. Effects of inotropic drugs on right ventricular pressures curve contours obtained from the isolatod right ventricle preparation. Tracings of single cardiac cycles from specimen records are superimposed on tin identical time scale.
(A) Control (C), di-ethyl ether (K), and strophanthin-K (S), lit filling pressure = 7.4 mm. Hg, mean pulmonary artery pressuro "= 5 mm. Hg, and cycle length = 0.71 seconds, in a 67-Gm. heart.
(B) Control (C), sodium pentobarbitul (X), and strophtmthin-K (S), at tilling pressure = 9.4 mm. Hg, mean pulmonary artery pressure -15 mm. Hg. and cycle length = 0.71 seconds, in a 50 Gm. heart.
(C) Control (C) and Adrenalin (A') after a positive chronotropic effect (A), at filling pressure •= 10.1 mm. Hg, mean pulmonary artery pressure = 10 mm. Hg, and cycle length = 0.95 seconds, in a 64-Gm. heart. greater than the hydrostatic head and closes the atrioventricular valve. Thus the filling period consists of an "early" phase while pressure is still decreasing, a "middle" phase in which the pressure is relatively constant, and a "late" phase while intmventricular pressure is beginning to rise. Right ventricular pressure records were further analyzed for the rates of intraventricular pressure change in early and late rilling.
The slope of the cardiometer records was measured during the mid-filling phase, giving the rate of inflow into the ventricle. The ratio of intraventrieular pressure to inflow rate was calculated for mid-filling, as an expression of the mechanical impedance of the ventricle. 1 In 10 experiments, diethyl ether was bubbled gently through the oxygen of the respiratory circuit for 15 minutes, 5 and records taken at intervals. The presence of a negative inotropic effect was established by the simultaneously increasing diastolic volume, decreasing stroke output, and decreasing stroke work.
In 9 of these experiments, when ether-induced failure was well-established, strophanthin-K (Strophanthin from Burroughs, Wellcome Co.) was given. The dose varied from 0.065 to 0.120 mg. per dog. 1 Records were taken over a 20-minute period while ether was still present. A positive inotropic effect was established by an increased stroke output and stroke work, with the same or smaller diastolic. volume.
In 7 experiments, 50 to 90 mg. of barbiturates were given to produce failure. Sodium thiopental and sodium pentobarbital were chosen as representative of this class of drugs. Records were taken at intervals until there was clear evidence of a negative inotropic effect (stroke output and work decreased, and diastolic volume increased). Then Strophanthin-K was administered and recoirls taken during the subsequent 20 minutes.
In 5 experiments, 0.2 to 0.5 CT.« of 1:100,000 dilution of epinephrine solution (Adrenalin chloride from Parke, Davis & Co.) was given, and records made during and after a positive chronotropic effect. The increased heart rate was always accompanied by a decreased stroke volume and work and usually a decreased diastolic ventricular volume.
The range of blood volumes used was 500 to 1000 cc, and heart weights 47 to 117 Gm.
Calculations of rates of intraventrieular pressure change during early and late filling, and of mechanical impedance during mid-filling, were made for representative beats before and after drug administration. These were used to describe changes in the physical properties of the ventricle wall during diastole.
RESULTS
The effects of the drugs studied are shown in tables 1, 2 and 3. The results obtained upon administration of strophanthin-K during etherindueed failure were not due to cessation of ether action, since ether administration was continued.
Effects on Inlravenlricular Pressure Curve
Contours: Sample tracings which superimpose right ventricular pressure curves from representative experiments are shown ( fig. I ). The rate of intraventricular pressure fall in early filling, from the opening of the atrioventricular valve to the onset of the level mid-filling pressure, was slowed by ether and in 6 of the 7 barbiturate experiments. Administration of strophanthin-K in the presence of the drugs always hastened the rate of pressure fall. Adrenalin caused almost no effect, either during or after its positive chronotropic action.
The rate of intraventricular pressure rise in late filling, from the end of the mid-filling pressure level to the closing of the atrioventricular valve, was slowed by ether, then hastened by strophanthin-K. In 5 of the barbiturate experiments, a similar slow pressure rise was seen, followed by a faster rate after strophanthin-K. Adrenalin administration was accompanied by a marked increase in this rate of pressure rise, which persisted after the positive chronotropic action had ended. These observations in late filling are related to the effect of the drugs on systole.
Effects on Mid-filling Impedance: Ether or barbiturates reduced the rate of inflow into the right ventricle, under a constant hydrostatic head. The calculated mid-filling impedance was increased.
In the presence of ventricular failure induced by ether or barbiturates, administration of strophanthin-K reversed the negative inotropic effect. The rate of inflow into the ventricle usually increased, and the mid-filling impedance decreased toward the control value. The diastolic volume decreased in 7 and increased in 2 of the 9 experiments. A failure of diastolic volume to decrease would occur if increased emptying were less than increased filling.
At the peak of Adrenalin's chronotropic effect, the rate of inflow into the ventricle increased, and the mid-filling impedance decreased. In the absence of drugs, a shortened cycle length had previously been shown to result in increased impedance. 1 After the chronotropic effect of Adrenalin had ceased, stroke volume and work increased and inflow remained rapid; mid-filling impedance remained low or became lower.
DISCUSSIOX
Diethyl ether has been re-investigated recently in the dog heart 6 " 7 and found to decrease the strength of ventricular contraction, decrease cardiac output, elevate right atrial pressure, and dilate the ventricles. A direct depressant action on the myocardium is assumed. Our results indicate that ether affects the rate of relaxation of the ventricle, apparent in the changes in intraventricular curve contour in early filling, but we have no evidence whether the fibers relax less synchronously or more slowly as a unit. Ether also produces an increased mid-filling impedance. Since the intraventricular pressure during midfilling is not consistently altered, it is probable that the retention of residual blood due to decreased emptying is not a significant factor in this impedance rise. The visco-elastic properties of the ventricle wall that contribute to mechanical impedance' appear to be altered by diethyl ether. A direct effect on the myocardium is supported by biochemical evidence that ether inhibits phosphorylation processes 8 which occur throughout the cardiac cycle. 8 Barbiturates are also known as negative inotropes for the dog heart 10 "" and have been found to produce effects similar to those of ether. In our experiments, sodium thiopental and sodium pentobarbital usually slowed the rate of intraventricular pressure change in early filling, indicating a slower rate of ventricu-
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•451 lar relaxation. They also produced an increase in mid-filling impedance. Giinther and Landis 12 found t h a t the pentobarbital-treated turtle heart showed a steeper pressure-flow relationship than normal. The conclusion that barbiturates directly modify the properties of the ventricle in diastole is supported by biochemical evidence that they depress oxygen uptake 13 and uncouple the oxidation and phosphorylation processes 14 which occur throughout the cardiac cycle.
Of the many cardiac glycosides classified as positive inotropes, the rapidly-acting strophanthus compounds seemed most interesting. Recent studies in dog heart-lung preparations* 116> "• 1 7 have continued the investigations on systolic response and conductivity of the ventricles, following the administration of these compounds in the presence of spontaneous or pentobarbital-induced failure. In our experiments on the ether or barbiturate-failed right ventricle, strophanthin-K reversed the effects of these drugs. I t usually speeded the rate of intraventricular pressure change in early and late filling, and always decreased the midfilling impedance. Thus we conclude that strophanthin-K has reversed some mechanism which, in the drug-failed heart, has produced changes in the properties of the ventricle wall. We did not study the effects of strophanthin-K in the normal heart or in spontaneous failure. Wiggers 18 has found that strophanthin-G speeds relaxation under these conditions. Among the many in vitro and in vivo studies of the biochemical mechanisms of cardiac glycosides, there is evidence t h a t strophanthin-K could block or reverse the effects of ether or barbiturates. Wollenberger" found t h a t strophanthin-G in moderate doses did not effect high-energy phosphate content or P or O2 uptake of dog heart homogenate; and later 20 t h a t strophanthin-G increased glucose and lactate oxidation of heart slices from ether-anesthetized dogs. Govier" found t h a t strophanthin-G prevents cholinesterase inhibition in the pentobarbital-failed dog heartlung preparation. Langemann and associates 11 found that it reversed the depression of Oj uptake in thiopental or pentobarbital treated cat heart slices. Thus the known biochemical mechanisms for ether and barbiturates could be reversed by known mechanisms for strophanthus glycosides. These chemical changes might well be reflected in the effects of the drugs on ventricular relaxation and impedance. Adrenalin is known to have both ehronotropic and inotropic effects on the non-failing ventricle. 4 In our experiments, records were analyzed during and after a positive chronotropic effect, and a positive inotropic effect found to persist. The results showed t h a t Adrenalin did not affect the rate of ventricular relaxation. However, it markedly decreased the mid-filling impedance. The lack of effect on ventricular relaxation conflicts with some previous work. Wiggers 21 found that epinephrine increased the rate and extent of relaxation of the dog heart, and K r o p -found that epinephrine increased the resting length of a papillary muscle preparation. Our results may be related to the observation of Remington and Huggins 23 t h a t the slope of the intraventricular pressure curve during the last part of relaxation was unchanged by epinephrine in a "strong" . heart and steepened in a "weak" heart. Our isolated right ventricle preparations had shown no evidence of failure to perform work prior to Adrenalin administration.
We conclude t h a t the observed ease of ventricular filling after Adrenalin administration is due to a change in the physical properties of the ventricle wall during diastole. Although the rate of inflow increases, the extent of filling (diastolic volume) does not increase because of the more complete ejection.
The components of Adrenalin have been studied in isolated systems in the a t t e m p t to determine a biochemical basis for the positive inotropic effect of epinephrine. Among the findings are an activation of muscle phosphorylase 24 and an increased oxygen consumption by the cat papillary muscle." Work by Ellis 26 shows t h a t epinephrine is a positive inotrope for the Straub frog heart even when various paths of energy metabolism are blocked. I t is possible to speculate on the type of change t h a t may occur in the ventricle wall during diastole, under the effect of inotropic IXOTROPIC DRUGS ON VENTRICULAR FILLING drugs. Previous studies' have indicated that during rilling of the isolated right ventricle, the ventricle wall offers a mechanical impedance to inflow, fixed by filling pressure, heart rate, and pulmonary artery pressure. It was considered that a major component of the impedance during the mid-filling period might be the apparent viscosity of the ventricle wall. The present experimental results suggest that negative inotropes ma}' increase, and positive inotropes decrease, the apparent ventricular viscosity. There is some evidence for this possibility in the recent studies of Waser and Volkart 27 which showed that cardiac glycosides decrease the viscosity of actomyosin solutions.
CONCLUSIONS
Diethyl ether, sodium thiopental, and sodium pentobarbital retard the rate of ventricular relaxation and elevate the mechanical impedance of an isolated right ventricle working at fixed filling rate, heart rate, and pulmonary artery pressure.
Strophanthin-K, administered at the peak of drug-induced ventricular failure, reverses the negative inotropic effects. Ventricular relaxation is hastened and mechanical impedance is lowered.
Adrenalin decreases the mechanical impedance of the isolated right ventricle, but does not affect the rate of relaxation. These effects persist after a positive chronotropic action has ended.
The inotropic drugs studied produce direct effects on the intraventricular pressure-inflow relationship during diastole, possibly by participation in chemical reactions which change the apparent viscosity of the ventricle wall.
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Active Transport of Sodiurn and Potassium in Nerves
Tissues of lower organisms frequently supply the only means for studying biologic phenomena that apply to those of animals and man. In a current Editorial, Nachmansohn points out the ways in which studies on electric eels have aided our understanding of impulse initiation and conduction. Continued use of the giant axons of the squid and cuttlefish has enabled Hodgkin and Keynes to throw new light on the movement of sodium and potassium through membranes against a concentration gradient during recovery from activity.
Using the radioactive tracers Na N and K 41 they found that the resting and action potentials are little changed by exposing axons to dinitrophenol or cyanide. The rate of sodium influx remains essentially the same but sodium efflux is retarded. The latter could, however, be enhanced by removing external sodium at constant external potassium pressure. These and related observations led to the conclusion that an active sodium pump does not participate during the spike but that metabolic energy is concerned in ejecting sodium and absorbing potassium against electrochemical gradients during recovery.
The authors point out a general truism, namely that a hypothetical scheme may be consistent with experimental data, but may not be a necessary consequence of them. 
